Context. Hot corinos are extremely rich in complex organic molecules (COMs). Accurate abundance measurements of COMs in such objects are crucial to constrain astrochemical models. In the particular case of close binary systems this can only be achieved through high angular resolution imaging. Aims. We aim to perform an interferometric study of multiple COMs in NGC1333 IRAS 4A, which is a protostellar binary hosting hot corino activity, at an angular resolution that is sufficient to distinguish easily the emission from the two cores separated by 1.8 . Methods. We used the Atacama Large (sub-)Millimeter Array (ALMA) in its 1.2 mm band and the IRAM Plateau de Bure Interferometer (PdBI) at 2.7 mm to image, with an angular resolution of 0.5 (120 au) and 1 (235 au), respectively, the emission from 11 different organic molecules in IRAS 4A. This allowed us to clearly disentangle A1 and A2, the two protostellar cores. For the first time, we were able to derive the column densities and fractional abundances simultaneously for the two objects, allowing us to analyse the chemical differences between them. Results. Molecular emission from organic molecules is concentrated exclusively in A2, while A1 appears completely devoid of COMs or even simpler organic molecules, such as HNCO, even though A1 is the strongest continuum emitter. The protostellar core A2 displays typical hot corino abundances and its deconvolved size is 70 au. In contrast, the upper limits we placed on COM abundances for A1 are extremely low, lying about one order of magnitude below prestellar values. The difference in the amount of COMs present in A1 and A2 ranges between one and two orders of magnitude. Our results suggest that the optical depth of dust emission at these wavelengths is unlikely to be sufficiently high to completely hide a hot corino in A1 similar in size to that in A2. Thus, the significant contrast in molecular richness found between the two sources is most probably real. We estimate that the size of a hypothetical hot corino in A1 should be less than 12 au. Conclusions. Our results favour a scenario in which the protostar in A2 is either more massive and/or subject to a higher accretion rate than A1, as a result of inhomogeneous fragmentation of the parental molecular clump. This naturally explains the smaller current envelope mass in A2 with respect to A1 along with its molecular richness. The extremely low abundances of organic molecules in A1 with respect to those in A2 demonstrate that the dense inner regions of a young protostellar core lacking hot corino activity may be poorer in COMs than the outer protostellar envelope.
Introduction
Life on Earth is based on organic chemistry, which very likely had its origin at the very first stages of solar system formation. Indeed, several organic molecules have been detected in cold, solar-mass prestellar cores (Öberg et al. 2010; Bacmann et al. 2012; Cernicharo et al. 2012; Vastel et al. 2014; Jiménez-Serra et al. 2016) , indicating that they can be synthesised prior to the onset of star formation. Such molecules include, for example acetaldehyde (CH 3 CHO), dimethyl ether (CH 3 OCH 3 ), and methyl formate (HCOOCH 3 ), and they are known by the astrochemistry community as complex organic molecules (COMs).
Complex organic molecules were first discovered in hot molecular cores associated with high-mass star-forming regions by Fourikis et al. (1974) , Brown et al. (1975) , and Snyder et al. (1974) . Almost three decades later, the discovery of hot corinos followed. These are compact (< 100 au), dense (> 10 7 cm −3 ), and hot (> 100 K) regions in the immediate vicinity of low-mass protostars where saturated COMs are abundant (e.g. Cazaux et al. 2003; Bottinelli et al. 2004a; Jørgensen et al. 2005; Sakai et al. 2006; Öberg et al. 2011; Codella et al. 2016; Imai et al. 2016; De Simone et al. 2017 ).
Both dust grain surface chemistry (e.g. Garrod & Herbst 2006; Garrod et al. 2008 ) and gas-phase chemistry (e.g. Rodgers Balucani et al. 2015; Barone et al. 2015; Enrique-Romero et al. 2016) have been proposed to explain the extreme molecular richness present in hot corinos. Constraining astrochemical models and their chemical networks requires accurate measurements of COMs abundances in these objects, a task that is often hindered by their small sizes (≤ 100 au). Indeed, COMs can also be present in the more external regions of protostellar envelopes (e.g. Jaber et al. 2014 ) and in shocks produced by fast jets and molecular outflows (e.g. Arce et al. 2008; Sugimura et al. 2011) . The situation becomes even more complicated if the source is a binary, as is the case of I16293 and NGC 1333 IRAS 4A. In order to isolate the emission originating from hot corinos, it is important to make use of (sub-)arcsecond interferometric imaging. While various interferometric studies of hot corinos have been carried out so far (e.g. Bottinelli et al. 2004b; Kuan et al. 2004; Bisschop et al. 2008; Jørgensen et al. 2011; Maury et al. 2014; Codella et al. 2016; Oya et al. 2016; Jørgensen et al. 2016) , most of them concentrate on a rather limited sample of COMs.
In this work, we present interferometric observations of multiple COMs in the protostellar binary NGC 1333 IRAS 4A (hereafter IRAS 4A). IRAS 4A is located in the Perseus star formation complex at a distance of 235 pc (Hirota et al. 2008 ). The total envelope mass and luminosity of this object are estimated to be 5.6 M and 9.1 L , respectively (Kristensen et al. 2012; Karska et al. 2013) . While the two cores, named A1 and A2, originate from the same parent cloud and drive similarly powerful molecular outflows, oriented roughly in a south-north direction (Santangelo et al. 2015) , only A2 harbours a hot corino (Persson et al. 2012) . Taquet et al. (2015) performed a comprehensive study of numerous COMs in IRAS 4A with PdBI. However, the angular resolution of their observations (∼ 2 ) was not sufficient to clearly disentangle A1 from A2 and thus provide accurate molecular abundances for the latter. We here improve the angular resolution by a factor 4 to 16 in area. This allows us, for the first time, to spatially separate the emission of a relatively large number of COMs in A2 and to provide upper limits on the COMs abundances of A1.
The present paper is structured as follows. Section 2 describes our observations and data reduction. In Sect 3 we present our continuum and molecular maps, as well as molecular spectra, and we derive molecular abundances. In Sect 4 we discuss our results, with a particular emphasis on the large difference in molecular emission between A1 and A2. Finally, our main conclusions are summarised in Sect. 5.
Observations

ALMA 1.2 mm observations
The Atacama Large (sub-)Millimeter Array (ALMA) was used on 14 June 2014, in its Cycle 2 operations, to observe IRAS 4A in Band 6 (∼ 250 GHz). A total of 35 antennas of the 12 m array were used with a minimum and maximum baseline length of 18 m and 784 m, respectively. The phase centre of the observation was R.A.(J2000) = 03 d 29 m 10.51 s , Dec.(J2000) =+31
• 13 31.3 and the total integration time onsource was 26 min. We employed 16 spectral windows between 244 and 264 GHz, whose bandwidth and spectral resolution are 58.6 MHz (70 km s −1 ) and 122 kHz (0.14 km s −1 ), respectively. The system temperature ranged between 75 and 105 K. The bandpass, flux, and phase calibrators used were J0237+2848, J0238+166, and J0319+4130, respectively. The flux calibration error is estimated to be 10%.
We reduced the data with the Common Astronomy Software Applications package (CASA) and subsequently employed GILDAS 1 for image and spectral analysis. We obtained a continuum image by averaging line-free channels from all the spectral windows. We then generated spectral cubes by subtracting the continuum emission directly in the visibility plane. We CLEANed the continuum image and spectral cubes using Briggs weighting with the robustness parameter set to 0.5. We performed phase self-calibration of the continuum data and applied the solutions to both the continuum and molecular lines. This greatly improved the signal-to-noise ratio, particularly in the continuum map. The resulting synthesised beam for the continuum image is 0.66 × 0.35 (P.A. = −29
• ). The spectral images have similar beam sizes (see Sect. 3.2) . At the frequency of the observations, the primary beam size is 23 and the largest scale recovered by the array is 3.3 .
IRAM PdBI 2.7 mm observations
The PdBI was used on 29 January 2005 in its A configuration to observe IRAS 4A at 2.7 mm. The baselines ranged from 32 to 400 m. The phase centre of the observations was R.A.(J2000) = 03 d 29 m 10.30 s , Dec.(J2000) =+31
• 13 31.0 . Continuum emission as well as five CH 3 CN transitions at 110.4 GHz were observed. The latter were covered with two correlator units, each with a bandwidth of 40 MHz and a spectral resolution of 78 kHz or 0.2 km s −1 . The system temperature ranged typically between 150 and 250 K. The bandpass and flux calibrators used were 3C454.3 and MWC349, respectively. 0234+285 and 3C84 were observed as phase/amplitude calibrators every 20 minutes throughout the entire run. The flux calibration uncertainty is ∼10%.
The data were reduced using the packages CLIC and MAP-PING of the GILDAS software collection. We produced a continuum image by averaging line-free channels and selfcalibrating the data. The final cleaned continuum map was obtained using robust weighting parameter equal to 0.1. The selfcalibration solutions were then applied to the spectral cube, which was subsequently cleaned using natural weighting to maximise sensitivity. The resulting synthesised beam for the continuum image is 1.17 × 1.01 (P.A. = 35
• ) and that of the spectral cube is 1.35 × 1.04 (P.A. = −168
• ).
Results and analysis
3.1. Dust continuum emission Figure 1 presents the 1.2 and 2.7 millimetre continuum maps of IRAS 4A. The two protostellar cores, A1 (south-east) and A2 (north-west), are clearly separated at the sub-arcsecond resolution of our ALMA 1.2 mm observations, while they are marginally resolved in the 2.7 mm image. The angular separation between the two is 1.8 , which translates into a spatial separation of 420 au at a distance of 235 pc. This is in good agreement with previous interferometric studies (e.g. Lay et al. 1995; Looney et al. 2000) . The root mean square (RMS) noise levels of the ALMA and PdBI continuum emission maps are 0.96 mJy beam −1 and 0.44 mJy beam −1 , respectively, and the total fluxes within the 5σ contour levels are 3.88 ± 0.39 Jy and 0.56 ± 0.06 Jy, respectively. The uncertainties in the flux measurements include both the RMS and the amplitude calibration errors and are largely Table 1 ), are indicated with black crosses. The synthesised beams are depicted in white in the lower left corner of each panel.
dominated by the latter. The deconvolved sizes and fluxes of A1 and A2, obtained from 2D Gaussian fits in the visibility plane, are listed in Table 1 . The resulting fluxes are consistent within 30% with those measured by Persson et al. (2012) and Santangelo et al. (2015) . Using the deconvolved fluxes, we can provide an estimate of the mass of the protostellar cores under the assumption of isothermality and optically thin dust emission from the following equation:
where S ν is the flux measured at the observed frequencies (250 GHz and 110 GHz), d = 235 pc the distance to IRAS 4A, T d the dust temperature, B ν (T d ) the Planck black-body function for a temperature T d , and R d the dust-to-gas mass ratio, adopted to be 0.01. The value κ ν is the frequency-dependent dust mass opacity coefficient, which we assume to be 1.3 and 0.30 cm 2 g −1 at wavelengths of 1.2 and 2.7 mm, respectively. These values of κ ν are obtained by simple linear interpolation (1.2 mm) and extrapolation (2.7 mm), in logarithmic scale, of the tabulated values given in Ossenkopf & Henning (1994) , for thin icy mantles and a gas density of 10 8 cm −3 . If thick icy grain mantles are considered instead, which might be the case in A1 (see Sect. 4.2), the resulting masses increase by 9%, which is a small factor compared to the much larger uncertainties introduced by the unknown dust temperature.
For the purpose of deriving molecular abundances in Sect. 3.3, we computed the beam-averaged H 2 column densities at the peak coordinates of A1 and A2, as follows:
where S ν is the peak flux density in each source, m H is the mass of the hydrogen atom, µ = 2.33 is the mean molecular mass in units of hydrogen atom masses, and Ω beam is the solid angle subtended by the synthesised beam. The results thus obtained for the mass and column densities of A1 and A2 are summarised in Table 1 , and they correspond to a range of dust temperatures between T d = 50 and 200 K (highest and lowest mass and column density values, respectively). We are aware that the assumption of isothermality is a simplification, as large temperature gradients are to be expected at smaller scales than those probed by the beam of our observations. However, without a small-scale model of the physical structure of IRAS 4A, adopting a reasonable range of beam-averaged dust temperatures is the best we can currently do with our data at this stage. The H 2 column densities obtained are of the order of a few times 10 24 cm −2 . Assuming the cores have the same size along the line of sight as they do on the plane of the sky, this translates into a density of ∼ 10 8 cm −3 , which is consistent with our
Article number, page 3 of 14 A&A proofs: manuscript no. ALS_iras4a_fin choice of κ ν . At 1.2 mm, the dust becomes optically thick at N H2 ≥ 2 × 10 25 cm −2 for the adopted dust opacity coefficient and dust-to-gas mass ratio. As a result, the assumption of optically thin dust may not hold in A1 at this wavelength, especially if the dust temperature lies close to the low limit of the adopted range. Indeed, the upper column density estimate for A1 translates into τ ≈ 1.6. The masses and column densities derived for A1 should therefore be regarded as lower limits. For A2, the assumption of optically thin dust is reasonable at the mm wavelengths considered in this study, although it might be marginally optically thick at 1.2 mm (τ ≈ 0.8) if the dust temperature is sufficiently low. A more detailed discussion on this issue is presented in Sect. 4.2.
The 2.7 mm mass estimates are larger by a factor ∼ 3 than those computed from the 1.2 mm data. Different factors may cause such discrepancies, such as the larger deconvolved sizes obtained at 2.7 mm, the uncertainty on κ ν at this wavelength, and possibly a larger portion of filtered out flux at 1.2 mm. As for the column densities, the discrepancies are smaller, but one must bear in mind that the synthesised beams at 1.2 and 2.7 mm have different areas. For the sake of comparison, we measured the column densities averaged over a circle with a diameter of 1.2 centred around the peak coordinates of A1 and A2. Adopting T d = 100 K we obtained at 1.2 and 2.7 mm, N H2 = 4.5 × 10 24 cm −2 and N H2 = 9.8 × 10 24 cm −2 for A1, and N H2 = 1.9 × 10 24 cm −2 and N H2 = 2.7 × 10 24 cm −2 for A2, respectively. Thus, at 2.7 mm, the column density of A1 is a factor 2 larger than that at 1.2 mm, while for A2 it is a factor 1.4 larger. Again, uncertainties in κ ν and differences in the amount of filtered out flux between the two wavelengths may contribute to the discrepancy. However, the fact that this difference is larger for A1 than for A2 might be an indication of optically thick dust at 1.2 mm in A1, which results in attenuation of the emission at this wavelength and therefore a lower value of the column density.
Molecular line emission
We employed the Cologne Database for Molecular Spectroscopy (Müller et al. 2001 (Müller et al. , 2005 and the Jet Propulsion Laboratory spectroscopic database (Pickett et al. 1998 ) to identify the observed spectral lines from COMs and simpler organic molecules, such as HNCO. In total, we detect 23 well-isolated lines with S /N > 4 for a channel spacing of 0.2 km s −1 , belonging to 11 different molecular species. These include two torsionally excited transitions of HCOOCH 3 . We additionally detect lines from the following species and transitions: CH 3 CHO(14 1,14 − 13 1,13 )A, C 2 H 5 CN(29 5,25 −28 5,24 ), (CH 3 ) 2 CO(14 11,3 −13 10,4 )AE, NH 2 CHO(12 0,12 − 11 0,11 )v 12 = 1. All of these appear blended with other molecular lines and are thus not considered in our analysis. The list of the 17 identified lines is presented in Table 2, together with their respective Gaussian fit parameters. For HCOOH, CH 2 OHCHO, C 2 H 5 OH, and HNCO, only one transition is clearly detected. Despite this, we stress that the detection of these species is solid for two reasons. First, they have been detected in other observational studies of the same object (e.g. Bottinelli et al. 2004a; Jørgensen et al. 2011; Taquet et al. 2015; López-Sepulcre et al. 2015) . Second, the ALMA observations are part of a larger project that includes other objects observed with the same frequency set-up. As a result, many of the lines we detect in IRAS 4A are also detected in other sources, in particular in B335 (Imai et al. 2016) , which lends further validity to our line identification. We thus conclude that all the detections in the present study are robust. Figures 2 and 3 show the spectra of each line detected with ALMA and PdBI, respectively, at the continuum peak coordinates of A1 and A2. For each detected molecule with ALMA, moment 0 maps of one representative line are shown in Fig. 4 . Moment 0 maps of the six CH 3 CN lines detected with PdBI are presented in Fig. 5 . The properties of these maps are summarised in Table 3 . From Figs. 2 to 5, it is immediately evident that A2 emits strongly in all the identified organic species, whereas A1 appears devoid of them down to the sensitivity of our observations. While such a difference in molecular richness between the two objects was already known (e.g Persson et al. 2012; Santangelo et al. 2015) , this is the first time we are able to clearly disentangle the spatial emission from the two sources for such a large number of organic molecules. For CH 3 CHO, the map also shows emission towards the south of both A1 and A2. This is due to contamination from the blue-shifted outflow lobe traced by SiO, whose systemic velocity is shifted by +14 km s −1 with respect to that of the CH 3 CHO line.
2 . No contamination from SiO is expected on A2 itself, as the blue-shifted emission of this species is only detected well off the central protostellar core. The CH 3 CN, K = 5 appears noisy because of the low S/N, barely above 4, of the peak emission around A2. The emission from all the identified organic molecules is very compact around A2, with deconvolved sizes of about 0.3 . Therefore, the hot corino surrounding A2 protostar has an approximate size of 70 au.
Through comparison with IRAM 30 m data of IRAS 4A obtained in the framework of the large programme ASAI (Astrochemical Surveys At IRAM 3 ), we estimated the fraction of line flux recovered by the array for HNCO and HCOOCH 3 lines to be 88% and 78%, respectively. Thus, the bulk of the total emission for these two species is concentrated in the hot corino area. For CH 3 CN, the fraction of flux recovered by the PdBI varies with K; it is around 30% for K = 0 and 1 and 66% for K = 4. Thus, a significant amount of flux in the lower energy CH 3 CN lines, likely originating in the more extended protobinary envelope and/or the outflow(s), is filtered out by the array, while a considerably larger fraction of flux is recovered for the high energy transitions, indicating that the hot corino around A2 is the dominant contributor to the emission at higher K levels. As for the other species, the lines identified in the present work remain undetected or very weakly detected down to the sensitivity of its observations. This further highlights the compact size of the emission, heavily diluted with the single dish.
Derivation of column densities and fractional abundances
IRAS 4A2
In A2, we detect more than two lines from HCOOCH 3 and CH 3 OCH 3 . In order to estimate the excitation conditions of these two molecular species, we used the rotational diagram approach, which assumes local thermodynamic equilibrium (LTE) and optically thin line emission. We verified the latter condition to be true a posteriori: the optical depth values we measured are of the order of 0.1 or well below. Under these assumptions, a single temperature, known as rotational temperature, T rot , describes the relative population distribution of each energy level of a given molecule, as follows:
2 The molecular outflows associated with IRAS 4A will be the subject of a forthcoming paper. Fig. 2 ). 
ln
where N u is the column density of the upper energy level of the transition, k Boltzmann's constant, g u the upper level degeneracy, ν the frequency of the transition, S the line strength, µ the dipole moment, T B dV the velocity-integrated line flux, N the total molecular column density, Q(T rot ) the partition function, and E u the energy of the upper energy level. The partition function takes into account the vibrationally excited states for HCOOCH 3 . Finally, the beam filling factor is given by
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with the deconvolved hot corino size, θ hc , roughly equal to 0.3 , and θ beam the beam size of the observations. The resulting rotational diagrams are presented in Fig. 6 , where the error bars on each data point include the RMS and calibration uncertainties. In order to account for these, each rotational diagram shows, in addition to the best fit line, two opposite lines that encompass the whole range of possible rotational temperatures and molecular column densities within the errors of all the data points. By doing so, we obtain T rot = 196 for CH 3 OCH 3 (see Table 4 ).
Based on the derived rotational temperatures for these two species, which are consistent with typical hot corino conditions, we adopted the excitation temperature range T ex = 100 − 200 K to estimate the column densities of the other eight molecular species, for which we detect either one or two relatively isolated transitions. Once more, we assumed LTE and optically thin line emission, and we took the RMS and calibration errors in the line fluxes into account. The resulting column densities are listed in Table 4 and they span values of the order of 10 15 to 10 16 cm −2 .
As stated above, the fluxes of the lower K CH 3 CN(J = 6 − 5) lines are largely filtered out by the PdBI, and they also display signs of self-absorption, which altogether indicates the presence of CH 3 CN in the outer envelope. An attempt to perform a rotational diagram fit thus yielded unrealistically high rotational temperatures. On the other hand, the K = 5 CH 3 CN line has a low S/N, and is possibly blended with a CH 2 OHCHO line. We therefore used the K = 4 line to estimate the column density of this species within the range T ex = 100 − 200 K.
IRAS 4A1: Upper limits to molecular column densities
Unlike A2, A1 displays no detectable line emission from any of the organic molecules considered in this work. In order to study the differences in molecular richness present between these two protostellar cores, we provide, in Table 4 , 3σ upper limits to the beam-averaged column densities in A1, where σ is the RMS measured after smoothing the spectra to a channel width of 1 km s −1 . We assume for simplicity that the dust emission at the frequencies of our observations is optically thin and therefore that the lack of line emission from COMs in A1 is not due to its complete attenuation by foreground dust. As discussed in Sect. 3.1, the effect of dust optical depth in A2 is likely weak or negligible. A more detailed discussion about dust optical depth and how it may affect our results, particularly in A1, can be found in Sect. 4.2. Based on the typical values measured for A2, we adopted a line width of 2.5 km s −1 for all the species. We considered two different excitation temperatures: T ex = 100 K for comparison with A2, and T ex = 50 K, as the apparent lack of organic molecular emission lines in the gas around the protostar A1 suggests a temperature lower than 100 K along most of the observed dust column. We obtained the upper limit column densities assuming LTE conditions. CH 3 CN(6 0 − 5 0 ) is tentatively detected in the direction of A1 at S /N ∼ 4. The fact that only the K = 0 transition is weakly detected while the higher K transitions are not detected suggests that the emission from this molecule originates in the outer envelope, rather than in a hypothetical hot corino. The upper limits to the CH 3 CN column density shown in Table 4 correspond to the K = 4 transition.
Molecular abundances
CH 3 OH is often used as a reference to describe relative molecular abundances. As this molecule was not observed in our spectral set-up, we here adopt dust emission as a reference. Table 4 summarises the resulting molecular abundances, X = N/N H 2 , associated with the two cores, obtained from the values listed in Tables 1 and 4 . The ranges of values given for A2 correspond to a range of excitation and dust temperatures between 100 and 200 K, where we assume that T ex = T d . For A1, we adopted the temperature that yielded the most conservative upper limit. This is 100 K for all the molecular species but C 2 H 5 CN, for which it is 50 K. The last column of Table 4 lists the abundance ratios between A2 and A1.
It is important to notice that, while N H 2 is a beam-averaged quantity, the molecular column densities derived for A2 are corrected for beam dilution, as the hot corino is slightly smaller than the beam. The abundances for A2 are therefore underestimated, as only a fraction of the peak dust continuum emission from which we computed N H 2 is likely associated with the hot corino area itself.
Discussion
IRAS 4A2: Typical hot corino abundances
While the molecular column densities listed in Table 4 for A2 are comparable to those derived by Taquet et al. (2015) for the seven molecular species common to the two studies, our molecular abundances tend to be higher than theirs by about one order of magnitude. This is most likely due to the coarser angular resolution of the observations analysed by Taquet et al. (2015) with respect to ours. Indeed, their 2 beam is insufficient to disentangle properly the two cores, whose angular separation is 1.8 . Since COMs are detected only in A2, but most of the continuum emission comes from A1, the averaged H 2 column density they estimate includes a non-negligible amount of gas from A1 that is cooler and devoid of COMs. This results in lower overall abundances for IRAS 4A as a whole.
To our knowledge, there are only three other hot corino sources for which interferometric abundance measurements of multiple COMs exist in the literature. These are the protobinary I16293 in Ophiucus, the newly discovered hot corino in the Bok globule B335, and IRAS 2A in Perseus. The top panel of Fig. 7 plots the molecular abundances we derived for IRAS 4A2 together with those of the three mentioned hot corinos. We stress that only interferometric measurements are shown for consistency with our work. This plot shows that A2 contains typical hot corino abundances that are comparable to those measured in the other three objects.
IRAS 4A1: Possible explanations for the lack of COM emission
In Sects. 3.3.2 and 3.3.3, we computed beam-averaged upper limits to the molecular column densities and abundances in A1, the close companion of the hot corino source A2, which despite emitting strongly in dust continuum (see Fig. 1 ) and driving a powerful molecular outflow (Santangelo et al. 2015) , displays no detectable emission in COMs or even in simpler organic species such as HNCO. The bottom panel of Fig. 7 shows a comparison between the abundances we derive for A1 and A2. As can be seen in this plot, and also in Table 4 > 150 a 3σ upper limits, where σ is the RMS measured after smoothing the spectra to a channel width of 1 km s −1 . b For HCOOCH 3 and CH 3 OCH 3 , T rot and N correspond to the best fit results from the rotational diagram analysis. For the other molecules, they correspond to the indicated range of excitation temperatures (see text). c Derived from 24 1,23 − 23 2,22 AA transition. d Derived from the K = 4 transition. the two objects is larger than a factor 17 for all the molecular species, rising up to a value higher than 100 for HCOOCH 3 and CH 3 CN. This huge difference in chemical richness between two neighbouring protostellar cores that are formed from the same parental molecular clump is puzzling and deserves further investigation. We here discuss three different possibilities that may explain our results.
The first possibility is that A1 contains a hot corino, but it is heavily attenuated by dust. Indeed, the dust emission we detect in A1 is likely optically thick, at least at 1.2 mm. Let us assume that A1 actually hosts a hot corino similar in size (∼ 70 au) and molecular richness to that in A2, but that the dust around A1 protostar is sufficiently optically thick to block the emission completely from the molecular species considered in this study. If this is the case, we can roughly estimate the dust optical depth necessary to attenuate line emission from COMs to the level of non-detection. At 2.7 mm, where such effects should be minor, if not negligible, we consider the CH 3 CN(J = 6 − 5) K = 4 line, which is less affected by effects of interferometric filtered emission than lower K lines. If this line were to be as intense in A1 as that in A2, it should suffer an attenuation of ∼80% by dust in the former in order to fall below 3σ (for a channel width of 1 km s −1 ). This translates into a dust optical depth ∼ 1.6 (a similar exercise at 1.2 mm taking CH 3 CHO yields τ ∼ 2.3). This optical depth would correspond to the foreground dust only to attenuate completely the molecular line emission that lies behind, which implies a total optical depth of at least twice as much for the whole core, i.e. τ > 3.2. In other words, the total H 2 column density for A1 should be higher than 2.7 × 10 26 cm −2 within the 1 beam of the 2.7 mm observations, which translates into a beam-averaged density of ∼ 10 11 cm −3 . Similar results are obtained if we consider CH 3 CHO at 1.2 mm instead. While such a large gas density is not totally impossible, it is highly unlikely. Moreover, Choi et al. (2007) reported evidence that NH 3 lines are weaker in A1 than in A2 at 1.3 cm, with a NH 3 -to-dust ratio seven times larger in the latter than in the former. At these wavelengths, dust is most likely optically thin. In summary, it is reasonable to assume that the difference in molecular line emission between A1 and A2 reflects a real difference in chemical richness and/or hot corino sizes and that dust optical depth does not play a major role. In what follows, we assume that this is the case.
This leaves us with the possibility that that A1 hosts no hot corino whatsoever, or alternatively, that it contains a hot corino whose size is so small that its emission is beam diluted, even at the angular resolution of our observations (∼ 0.5 ). If the latter is the case, we can roughly estimate how small this hot corino should be to contain COMs in abundances comparable to those in IRAS 4A2, by considering a comparable excitation temperature and column density of, for example CH 3 CN(J = 6 − 5) K = 4, which is less unlikely to suffer from dust optical depth effects than any of the lines observed at 1.2 mm. The assumption of a similar column density is rather conservative, as one would expect a much lower value for a much smaller hot corino. With these assumptions, a hypothetical hot corino in A1 should have a size smaller than about 12 au.
IRAS 4A1: Abundances below prestellar values?
For comparison with A1, Fig. 7 (bottom) plots molecular abundances measured in a prestellar core, L1544, as reported in Vastel et al. (2014); López-Sepulcre et al. (2015), and Jiménez-Serra et al. (2016) . The discovery of COMs in prestellar cores challenged the most accepted scenario of grain surface astrochemical models (e.g. Garrod et al. 2008 ). According to this scenario, COMs form on the surface of icy mantles coating dust grains via recombination of radicals during the warm-up phase of protostellar collapse (T > 30 K). Once the sublimation temperature of water ice is attained (T > 100 K), the COMs thus formed are released into the gas, where they become detectable. Given that prestellar cores have not yet experienced such a warm-up phase, the presence of COMs in this type of objects must have a different origin. Non-thermal processes have been proposed, including photo-desorption by cosmic rays and secondary UV photons (Hasegawa & Herbst 1993) and reactive desorption (Vasyunin & Herbst 2013) . More recently, efficient cold gas phase reactions have also been invoked to explain the presence of COMs in cold gas (e.g. Balucani et al. 2015) .
A brief inspection of the bottom panel in Fig. 7 strikingly reveals that the upper limits to the abundances measured in A1, Article number, page 7 of 14 A&A proofs: manuscript no. ALS_iras4a_fin with the exception of dimethyl ether (CH 3 OCH 3 ), are lower than those observed in L1544 by up to about one order of magnitude. In other words, the protostellar core A1 appears to be more deficient in COMs than the prestellar core L1544. This still holds if we consider instead the cold core L1689B, for which Bacmann et al. (2012) tentatively derived CH 3 CHO, HCOOCH 3 , and CH 3 OCH 3 abundances of a few times 10 −10 .
It is likely that COMs are present in the cold outer regions of gas surrounding the protobinary with abundances comparable to those measured in L1544 (see e.g. Jaber et al. 2014) , which is the reason why we plot the abundances of L1544 in the bottom panel of Fig. 7 . However, the emission in the outer envelope may be too extended and thus resolved out by the interferometer, or it may simply be too weak to be detectable at the cold gas temperatures involved. Some of the molecules studied in this work, including CH 3 CHO, HCOOCH 3 and (CH 3 ) 2 CO, display weak absorption lines in the direction of A1 (see Fig. 2 ), and the K = 0 line of the CH 3 CN(J = 6-5) transition is marginally detected and possibly self-absorbed, which altogether indicates that COMs are indeed present in the more external envelope. Vastel et al. (2014) found that the region containing detectable amounts of COMs in L1544 is located at the border of the core, at a radius of ∼ 8000 AU, i.e. an area that is less dense and more exposed to external ultraviolet and cosmic ray irradiation than the inner, denser regions of the core. More recently, Jiménez-Serra et al. (2016) confirmed that lower density gas regions in prestellar cores are richer in COMs than higher density gas regions. One may argue that this is a natural consequence of the balance between adsorption and desorption of COMs to and from dust grains: under equilibrium, the number density of COMs are constant regardless of the H 2 density (e.g. Aikawa et al. 2005; Soma et al. 2015) , and hence, their fractional abundances likely decrease in the densest regions. This could in principle explain the lower abundances in A1 with respect to those measured in the outer envelopes of pre-and protostellar cores, as the H 2 density is significantly higher in the A1 core (∼10 8 cm −3 ; see Sect. 3.1). However, this argument should be considered with caution, as it assumes that COMs are synthesised exclusively on the surface of dust grains and that they do not undergo reactions in the gas phase. This is unlikely, at least for some COMs (Balucani et al. 2015; Barone et al. 2015; Enrique-Romero et al. 2016) .
In this context, A1 may represent an intermediate phase between a prestellar core and a hot corino, where infall and ejection of material in the form of bipolar outflows are already in place, but the gas immediately surrounding the central protostar is sufficiently cold and dense for either COMs or their precursors to be heavily frozen onto the mantles of dust grains in an environment that is well shielded from external ultraviolet/cosmic ray radiation.
Whether there is an undetected hot corino or no hot corino whatsoever in A1, our results point towards an enormous difference in molecular richness between A1 and A2. This may be due to protostar A2 being either more massive or subject to a higher accretion rate (or both) than A1. In other words, the prestellar core from which the IRAS 4A system originated might have fragmented in an inhomogeneous manner, which would result in the core leading to A2 being initially more massive and thus undergoing higher accretion rate. This would explain the smaller current envelope mass in A2 with respect to A1 and the dynamically older molecular outflow in A2 with respect to that driven by A1 (Santangelo et al. 2015) .
Comparison with the protostellar binary IRAS 16293-2422
It is worth comparing IRAS 4A with I16293, which is another well-studied protostellar binary hosting hot corino activity. I16293 has been the subject of numerous observations aiming to study the presence of COMs and their spatial distribution (e.g. Cazaux et al. 2003; Bottinelli et al. 2004b; Caux et al. 2011; Oya et al. 2016 ). This object is composed of sources A and B, separated by 5.1 , or 620 au at a distance of 120 pc (Looney et al. 2000; Chandler et al. 2005) . As in the case of IRAS 4A, the weakest millimetre continuum source (i.e. source A) is the richest in COMs (e.g. Jørgensen et al. 2011 Jørgensen et al. , 2016 . There is, however, a substantial difference between I16293 and IRAS 4A: the latter does not display any detectable signs of COMs or simpler related molecules in A1, while the former does emit lines from some COMs and other molecules in source B. Indeed, while I16293A contains a larger variety of COMs than I16293B (e.g. Jørgensen et al. 2011) , including C 2 H 5 OH, HCOOH, and notably N-bearing COMs, source B competes with source A when it comes to the contents of a number of O-bearing COMs, such as CH 3 CHO, CH 3 OCH 3 , HCOOCH 3 , and (CH 3 ) 2 CO. As shown in Fig. 7 , the abundances of these molecules in source B are comparable to those of other known hot corinos, including IRAS 4A2. Moreover, the differences in the abundances of COMs between sources A and B in I16293 do not exceed one order of magnitude (e.g. Bisschop et al. 2008 ), while they are significantly larger between A1 and A2 in IRAS 4A.
In conclusion, while I16293 and IRAS 4A are similar in that they both show striking differences in molecular richness between the two protostellar cores they host, I16293 already contains hot corino activity in both A and B, while IRAS 4A harbours only one detectable hot corino, i.e. A2. One might speculate that IRAS 4A is a younger version of I16293 and that it may take time to properly develop a hot corino around a protostar. Indeed, the modelling results reported by Aikawa et al. (2012) indicate that chemical complexity increases during the evolution from a dense molecular core to a protostellar object. Alternatively, both IRAS 4A and I16293 may be in a similar evolutionary phase, but IRAS 4A1 might have been in a lowaccretion stage for a sufficiently long time to suppress or considerably weaken any hot corino activity that may have previously existed in this source.
Conclusions
We carried out an interferometric study of multiple organic molecules in the protostellar binary NGC1333 IRAS 4A, using ALMA at 1.2 mm and an angular resolution of ∼ 0.5 , and IRAM's PdBI at 2.7 mm and an angular resolution of ∼ 1 . Our main results and conclusions are summarised as follows: 1. Our continuum emission maps allow us to disentangle clearly the two protostellar objects, A1 and A2, present in IRAS 4A. The envelope mass of A1 is likely a few times larger than that of A2. 2. We detected 23 relatively isolated lines from 11 different organic molecules including O-bearing COMs (e.g. CH 3 CHO, HCOOCH 3 , and CH 3 OCH 3 ), N-bearing COMs (NH 2 CHO, C 2 H 5 CN, and CH 3 CN), and simpler species such as HNCO. The emission from all the detected molecules originates exclusively from A2, while A1 appears devoid of COM emission at the sensitivity of our observations even though it is a stronger continuum emitter.
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A. López-Sepulcre et al.: Complex organics in IRAS 4A revisited with ALMA and PdBI 3. At the wavelengths of our observations, we estimate that the optical depth of the dust emission is low in A2. On the other hand, dust emission may be optically thick in A1 at 1.2 mm, but not sufficiently thick to hide completely the emission from a hypothetical hot corino in A1 that is similar in size and molecular contents to that present in A2. At 2.7 mm, where dust emission is likely optically thin, the difference in the molecular emission between the two sources is still seen. Therefore, while longer wavelength observations of COMs are desirable to constrain their column densities in A1 better, the contrast found between the two protostellar sources in IRAS 4A reflects a real difference in molecular richness. 4. In A2, we measured typical hot corino abundances with respect to H 2 . These range between 10 −10 and 10 −8 depending on the COM and are about an order of magnitude larger than those reported in previous, lower resolution studies of the same object. The deconvolved size of the hot corino in A2 is ∼ 70 au. 5. For the first time, we were able to provide upper limits to the column densities and abundances of organic molecules in A1. The latter lie below 10 −10 for all species under optically thin dust emission conditions. A1 has lower molecular abundances, by about a factor 10, than those recently measured in the external gas envelope of prestellar cores or in the cold outer envelopes of other protostellar objects. One possible interpretation is that A1 is not yet sufficiently warm to have developed a hot corino and that its density is high enough for COMs and/or their precursors to be heavily frozen onto the mantles of dust grains in an environment that is well shielded from interstellar ultraviolet/cosmic ray radiation. This suggests that the inner regions of a young protostellar core that has not yet formed a hot corino may be poorer in COMs than the more external, lower density protostellar envelope. Alternatively, if a hot corino exists in A1, its size should be smaller than about 12 au. 6. The most remarkable result of our study is the huge difference in COMs abundances existing between A1 and A2, which ranges between one and two orders of magnitude. Such a contrast may be due to protostar A2 being either more massive and/or subject to a higher accretion rate than A1, as a result of an inhomogeneous fragmentation of the parental molecular clump. This would naturally explain the smaller current envelope mass in A2 with respect to A1. 7. When comparing IRAS 4A with I16293, another binary hot corino source, we notice that, in both objects, the weakest millimetre continuum source is the richest in molecular contents. Nevertheless, the two protostellar cores present in I16293 display hot corino activity, while only one of the two cores does in IRAS 4A. This might be an indication that the latter is in an earlier evolutionary stage or that IRAS 4A1 is undergoing a low-accretion phase that hinders strong hot corino activity.
As a final note, we stress that the fact that chemical complexity may drastically vary within just a few tens or hundreds of au around protostars, in particular in multiple systems such as IRAS 4A, highlights the importance of high angular resolution imaging to provide accurate constraints on the spatial distribution of molecules in these objects.
